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Summary
Both the cadherin-catenin complex and Rho-family
GTPases have been shown to regulate dendrite devel-
opment. We show here a role for p120 catenin
(p120ctn) in regulating spine and synapse formation
in the developingmouse brain. p120catenin gene dele-
tion in hippocampal pyramidal neurons in vivo re-
sulted in reduced spine and synapse densities along
dendrites. In addition, p120 catenin loss resulted in re-
duced cadherin levels and misregulation of Rho-fam-
ily GTPases, with decreased Rac1 and increased
RhoA activity. Analyses in vitro indicate that the re-
duced spine density reflects aberrant Rho-family
GTPase signaling, whereas the effects on spine matu-
ration appear to result from reduced cadherin levels
and possibly aberrant Rho-family GTPase signaling.
Thus, p120ctn acts as a signal coordinator between
cadherins and Rho-family GTPases to regulate cyto-
skeletal changes required during spine and synapse
development.
Introduction
Dendritic spines are actin-rich protrusions that are the
major postsynaptic sites of excitatory synaptic input.
Changes in spine distribution and morphology have
been observed in many neurological disorders (Fiala
et al., 2002; Govek et al., 2005). During development, pe-
riods of high spine motility coincide with synapse forma-
tion and appear important for the establishment of con-
nections with presynaptic partners (Dunaevsky et al.,
1999; Fiala et al., 1998; Konur and Yuste, 2004; Stepany-
ants et al., 2004; Zhou et al., 2004; Ziv and Smith, 1996).
Morphological plasticity of spines may contribute to
changes in synaptic strength (Trachtenberg et al.,
2002; Zhou et al., 2004). Recent studies indicate that
the cadherin-catenin cell adhesion system and Rho-
family GTPases are important regulators of spine and
synapse number and morphology (Abe et al., 2004; Boz-
dagi et al., 2004; Govek et al., 2005; Togashi et al., 2002).
Cadherins and catenins have been localized to synap-
ses where they become restricted to the region sur-
rounding the active zone (Elste and Benson, 2006;
Fannon and Colman, 1996; Uchida et al., 1996). Pertur-
bations of cadherins affect axon targeting, synapse for-
mation, and synaptic plasticity in vivo (Inoue and Sanes,
1997; Iwai et al., 2002; Prakash et al., 2005). In addition,
*Correspondence: lfr@cgl.ucsf.educadherin inhibition disrupts spine maturation and post-
synaptic protein localization (Okamura et al., 2004; To-
gashi et al., 2002). b-catenin promotes dendrite growth
and branching in vitro (Yu and Malenka, 2003). Deletion
of aN-catenin destabilizes spine heads (Abe et al.,
2004). Deletion of b-catenin reduces the number of re-
serve pool vesicles at synapses in vivo and reduces syn-
aptic vesicle localization in vitro (Bamji et al., 2003).
Thus, the cadherin-catenin complex regulates both pre-
synaptic and postsynaptic development.
Cadherins, through catenins, regulate several signal-
ing pathways, including Rho-family GTPases (Hatzfeld,
2005; Reynolds and Roczniak-Ferguson, 2004). Rho-
family GTPases regulate dendritic morphogenesis
through regulation of the F-actin cytoskeleton (Govek
et al., 2005; Nakayama et al., 2000; Tashiro et al., 2000;
Tashiro and Yuste, 2004). Rac1 activation leads to the
development and stabilization of dendritic spines, while
Rac1 inhibition results in progressive spine loss. RhoA
inactivation leads to increased spine density and spine
neck length, while RhoA activation inhibits spine forma-
tion. Rho-family GTPase activation is controlled by gua-
nine nucleotide exchange factors (GEFs), dissociation
inhibitors (GDIs), and GTPase activating factors
(GAPs). Mutations in several of these have been identi-
fied in patients with nonsyndromic mental retardation,
cognitive disorders characterized by abnormal spine
morphology (Govek et al., 2005).
The p120 catenin (p120ctn) family consists of four pro-
teins: ARVCF, d-catenin, p0071, and p120 catenin (Hatz-
feld, 2005). These proteins have similar structures with
N- and C-terminal sequences flanking a central domain
consisting of 10 armadillo (arm) repeats. Each binds the
membrane-proximal regions of cadherin cytoplasmic
tails through the armadillo repeats. The p120ctn family
is distinct structurally and functionally from b-catenin
and its homolog plakoglobin, with the latter two proteins
having central domains with 12 armadillo repeats that
bind the C-terminal residues of cadherin cytoplasmic
tails, a region distinct from that recognized by p12ctn
family members. In contrast to the p120ctn family, b-cat-
enin and plakoglobin provide a physical link through a-
catenin to the F-actin cytoskeleton.
The p120ctn family regulates cadherin function and
provides a link through which cadherin engagement
controls cytoskeletal assembly and Rho-family
GTPases. p120ctn family members promote the surface
stability of cadherins (Chen et al., 2003; Davis et al.,
2003). In their absence, cadherins are endocytosed
and degraded. Kinesin-mediated trafficking of cadher-
ins also promotes cell adhesion (Teng et al., 2005) and
appears at least partially dependent upon p120ctn
(Chen et al., 2003). p120ctn interacts with microtubules
directly and through binding to kinesins (Chen et al.,
2003; Franz and Ridley, 2004; Yanagisawa et al., 2004).
In addition, the presence of a p120ctn family member
appears essential to maintain the association of cadher-
ins with b-catenin, and consequently the cytoskeleton,
through recruitment of a protein tyrosine phosphatase
that dephosphorylates b-catenin (Xu et al., 2004).
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mediated junctions through regulation of Rho-family
GTPases, activating Rac1 and Cdc42, possibly through
the exchange factor Vav2, and inactivating RhoA as
a Rho GDI (Anastasiadis et al., 2000; Grosheva et al.,
2001; Magie et al., 2002; Noren et al., 2000). The pres-
ence of p120ctn at cadherin-mediated junctions is re-
quired to recruit and activate Rac1 (Goodwin et al.,
2003; Yap et al., 1998). In addition, at least some
p120ctn family members recruit cortactin, a protein
that promotes assembly of the F-actin cytoskeleton as
well as spine morphogenesis (Hering and Sheng, 2003;
Martinez et al., 2003).
Studies in Xenopus laevis have shown that p120ctn
has important functions in early development that in-
volve both regulation of Rho-family GTPases and con-
trol of transcription through interactions with the methyl
CpG binding protein Kaiso (Park et al., 2005). Consistent
with these observations, we have observed early embry-
onic lethality of mice homozygous for a mutant in the
p120ctn gene with anatomical abnormalities consistent
with those observed in Xenopus laevis (L.E . and L.R.,
unpublished data).
Both p120ctn and d-catenin are widely expressed in
neurons where both are localized to spines and synap-
ses (Chauvet et al., 2003; Ho et al., 2000; Husi et al.,
2000; Tanaka et al., 2000). In the present work, we char-
acterize effects of p120ctn deletion on dendritic spine
development through use of a floxed allele of p120ctn
that bypasses the early embryonic lethality that we
have observed in conventional p120ctn mutants (L.E.
and L.R., unpublished data). Loss of p120ctn function
in vivo results in a dramatic decrease in spine and syn-
apse density and induces morphological changes in
spine neck length and head width. Mechanistic analyses
in vitro indicate that p120ctn controls spine density
through regulation of Rho, independent of its associa-
tion with cadherins, while it appears to regulate spine
head width through interactions with cadherins directly.
Results
Targeting Strategy for Conditional Inactivation
of the p120ctn Gene
To investigate the role of p120ctn in nervous system de-
velopment, a conditional ‘‘floxed’’ allele of p120ctn
(p120ctnflox) was generated by homologous recombina-
tion in ES cells. loxP sites were introduced into the
p120ctn locus flanking exon 7 (see Figure S1 in the Sup-
plemental Data). exon 7 encodes 27 amino acids of ar-
madillo repeat 1, all of arm repeat 2, and 42 amino acids
of arm repeat 3. In previous work, the presence of each
of the first five arm repeats (1–5) has been shown to be
essential for binding of p120ctn to the classical cadher-
ins (Anastasiadis et al., 2000). Deletion of exon 7 is pre-
dicted to introduce a +2 frameshift in the translational
reading frame. The presence of the frameshift plus an
effective RNA surveillance mechanism that degrades
mRNAs containing premature stop codons will result
in rapid degradation of the entire mRNA (Singh and
Lykke-Andersen, 2003). exon 7 is present in each of
the four p120ctn isoforms generated by alternative
splicing (Keirsebilck et al., 1998). Thus, Cre-mediated
deletion is predicted to result in the elimination ofp120ctn protein expression. This was confirmed by im-
munohistochemistry and SDS-PAGE analysis using N-
and C-terminal-specific antibodies (Figures S1D–S1F
and not shown). The presence of loxP sites in the
p120ctnflox allele did not compromise protein expres-
sion or function. The homozygous p120ctnflox/flox mice
were viable, fertile, and showed no obvious phenotype.
Generation of Dorsal Forebrain-Specific p120ctn
Knockout Mice
To delete p120ctn in the dorsal forebrain, p120ctnflox/flox
mice were mated to mice expressing Cre recombinase
under the control of the emx1 promoter, which is ex-
pressed in neuroepithelial precursors of neurons and
glia in the dorsal forebrain beginning at embryonic
day 9 (Gorski et al., 2002). In the mutant mice
(p120ctnflox/flox;emx1IREScre), p120ctn protein expres-
sion was absent from regions of the dorsal forebrain
that express emx1IREScre as assayed by Western blot
or immunocytochemistry (Figures S1D–S1F). The low
levels of p120ctn remaining in the recombined tissues
are almost certainly due to expression of p120ctn in
blood vessels, interneurons, and other cell types which
are not derived from precursors expressing Emx1.
Loss of p120ctn from the Forebrain Leads
to a Reduced Spine Density in Hippocampal
Pyramidal Neurons
Mutant mice lacking p120ctn in the dorsal forebrain
(p120ctnflox/flox;emx1IREScre) were viable, fertile, and
showed no obvious phenotype. Nissl staining revealed
that the overall morphology, including laminar organiza-
tion, of the cortex and hippocampus appeared normal at
6 weeks of age (Figures 1A and 1B).
To determine if absence of p120ctn resulted in abnor-
malities in neuronal fine structure, the hippocampi of
control and mutant brains were visualized by Golgi
staining. Compared to controls, the overall organization
and development of the dendritic trees of individual py-
ramidal neurons in the CA1 hippocampus appeared rel-
atively normal in the mutant (Figures 1C and 1E). Closer
examination revealed a striking decrease in the density
of spines along the dendrites of the mutant neurons (Fig-
ures 1D and 1F). Linear spine density in the mutant neu-
rons was decreased to 39% of control (control: 1.56 6
0.12 spines/mm; mutant: 0.61 6 0.5 spines/mm) (Fig-
ure 1G). In addition, the mutant spines appeared smaller
and shorter in length. Despite spine loss, the dendrites
in the mutants retained a normal length and exhibited
none of the classical signs of degeneration, such as
beaded expansions or irregular diameter.
p120ctn Mutant Mice Have a Reduced Synapse
Density in the Hippocampus
Dendritic spines are major sites of excitatory synaptic
input. To determine if the reduced density of spines in
the hippocampus of dorsal forebrain-specific p120ctn
mutant mice was correlated with a similar reduction in
synapse density, we used antibodies specific for synap-
tic vesicles and the postsynaptic density to measure
synapse density. The absence of p120ctn resulted in
reduced numbers of puncta that express the synaptic
vesicle protein synaptophysin or the postsynaptic scaf-
fold protein PSD95 in the stratum radiatum (SR) of the
p120 Catenin Role in Spine Morphogenesis
45Figure 1. Effects of Deletion of p120ctn on Cortical and Hippocampal Development
(A and B) Nissl-stained coronal sections from (A) control (p120ctn flox/flox) and (B) mutant (p120ctnflox/flox;emx1IREScre) six-week-old male litter-
mate mice (n = 3 pairs).
(C–F) Golgi-stained pyramidal neurons from the CA1 hippocampus from control ([C] and [D]) and mutant ([E] and [F]) six-week-old male litter-
mates (n = 3 pairs).
(G) Spine density quantification along dendrites from control and mutant mice (n = 3 pairs, ***p < 0.0001). Scale bars: 250 mm (B); 100 mm (E); 20
mm (F).CA1 hippocampus (Figures 2A–2D). Both synaptophysin
and PSD95 exhibited punctate patterns in both controls
and mutants, but in the mutant there were 64% and 31%
reductions in the densities of puncta expressing synap-
tophysin or PSD95, respectively (Figures 2E and 2F).
Analysis of synapse density by electron microscopy
confirmed this conclusion (Figures 2G and 2H). Quantifi-
cation showed that the density of synapses was re-
duced by 42% in the mutant stratum radiatum (Figure 2I).
Closer examination showed that there was a 48% reduc-
tion in the number of synapses formed on spines
(Figure 2J), but not a significant difference in the number
of synapses formed on the shafts of dendrites (Fig-
ure 2K). While the density of split or perforated synapses
was low (Figure 2L), the absence of p120ctn resulted in
an almost 3-fold increase in the number of these synap-
ses. We quantified, but did not observe, significant dif-
ferences in the average length of postsynaptic densities,
average number of docked vesicles, and average total
vesicle number (not shown).
Significant Reduction in N-Cadherin Level
in the p120ctn Mutant Mice
Recent studies have revealed that p120ctn and p120ctn
family members, such as d-catenin, play a significant
role in determining surface and total cadherin levels;loss of p120ctn members results in a concomitant weak-
ening of cell-cell adhesion by increasing cadherin turn-
over and lowering cadherin levels (Davis et al., 2003;
Xiao et al., 2003). To determine if absence of p120ctn
similarly reduced cadherin levels within the brain, we ex-
amined expression levels in the hippocampi of control
and mutant mice. Compared to controls, indirect immu-
nofluorescence revealed a 32% reduction in the density
of N-cadherin puncta in the SR of the mutant hippocam-
pus (Figure 3C). Quantification by Western blot showed
the level of N-cadherin in the mutant was reduced signif-
icantly to 73% of control level. There were no significant
reductions in the levels of b-catenin or a-catenin pro-
teins (Figure 3B). Interestingly, reductions in N-cadherin
and pan-cadherin levels have been observed in the
brains of mice lacking d-catenin (Israely et al., 2004).
The presence of d-catenin and possibly of other
p120ctn family members appears sufficient to maintain
significant levels of cadherins in the p120ctn mutant hip-
pocampus.
p120ctn Mutant Mice Have Reduced Rac1
and Increased RhoA Activity
Recent studies have shown that overexpression of
p120ctn in cultured cells results in elevated activation
of Rac1 and Cdc42 and reduced activation of RhoA
Neuron
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et al., 2000). To determine whether the absence of
p120ctn affects the activities of Rho-family GTPases,
we performed affinity precipitation assays to measure
Rac1 and RhoA activity in hippocampal lysates (Ren
et al., 1999). GST-fusion proteins containing the Rac1
binding domain of PAK (GST-PBD) and the RhoA bind-
ing domain of rhotekin (GST-RBD) were used to isolate
active Rac1 and RhoA, respectively, with results normal-
ized to the total level of each protein. Experiments are il-
lustrated in Figures 3D and 3E, respectively. Loss of
p120ctn in the hippocampus led to a 1.6-fold decrease
in active Rac1 (Figure 3F) and a 1.65-fold increase in ac-
tive RhoA (Figure 3G). The levels of endogenous Rac1
and RhoA were similar in control and mutant samples.
As Rac and Rho regulate dendrite growth and spine
morphogenesis, these results suggest that the spine
Figure 2. Reduced Synapse Density in the Stratum Radiatum of the
p120ctn Mutant
(A–D) Imaged coronal sections of the stratum radiatum of the CA1
hippocampus from ([A] and [B]) control p120ctn flox/flox or ([C] and
[D]) mutant p120ctnflox/flox;emx1IREScre six-week-old male littermates
following labeling with anti-synaptophysin ([A] and [C]) or anti-
PSD95 ([B] and [D]).
(E) Quantification of synaptophysin puncta: mean 6 SEM (p < 0.07).
(F) Quantification of PSD95 puncta: mean6 SEM (p < 0.08). We mea-
sured 3520 mm2 per sample for (E) and (F). Electron micrographs of
the CA1 stratum radiatum from (G) control p120ctn flox/flox or (H) mu-
tant p120ctnflox/flox;emx1IREScre mice. Examples of spine-localized
synapses, which contain the electron dense postsynaptic region
(black arrowhead) juxtaposed to the presynaptic vesicle release
site (active zone), are indicated. A perforated synapse is indicated
in the mutant-derived section (white arrow, [H]).
(I–L) Quantification of EM analysis. (n = 3 pairs for all analyses).
Scale bars, 25 mm (D); 500 nm (H).deficit observed in the hippocampus of p120ctn mutant
mice may be due, in part, to abnormal regulation of
these G proteins.
Impaired Dendrite Development in Cultured
p120ctn2/2 Hippocampal Pyramidal Neurons
To examine in more detail the role of p120ctn in dendrite
morphogenesis, we examined dendrite development
in vitro using neuronal cultures from control and mutant
mice. At day 10 in vitro (DIV10), neurons were trans-
fected with an EGFP expression plasmid to visualize
cell morphologies. Tracings revealed that p120ctn loss
resulted in simplification of dendritic branching patterns
(Figure 4A). Sholl analysis showed that the mutant neu-
rons had fewer dendritic branch crossings (Figure 4B).
The mean number of dendritic terminal branch points
was reduced to 40% of that in controls (Figure 4C). To
determine if the deficit in dendrite formation reflected
Figure 3. Reduced Cadherin and Altered Rac and Rho Activity in the
p120ctn Mutant Hippocampus In Vivo
(A) Western blot analyses of cadherin and a- and b-catenin protein
levels in hippocampal lysates of control or mutant six-week-old
male littermates, quantitated in (B) (n = 3 pairs; p < 0.05).
(C) Quantification of N-cadherin puncta in stratum radiatum in con-
trol and mutant; mean 6 SEM (n = 3 pairs; p < 0.1).
(D–G) Effects of p120ctn deletion on activities of hippocampal Rac
and Rho. Active Rac1 and RhoA were precipitated from hippocam-
pal extracts using GST fusions to the G protein binding domains of
PAK and rhotekin, respectively. Following SDS-PAGE fractionation,
extracts and precipitates were blotted with anti-Rac1 or anti-RhoA
to determine quantities of Rac and Rho. Representative examples
of precipitated active Rac (PBD), active Rho (RBD), and total Rac
and Rho (lysate) are shown in (D) and (E). Active Rac and Rho
were normalized to total quantities of each protein ([F] and [G]).
Each experiment was repeated three times using independent ex-
tracts (*p < 0.03, **p < 0.005).
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in vitro, mutant neurons were cotransfected with a p120ctn
expression plasmid. Expression of p120ctn in the mu-
tant neurons resulted in comparatively normal dendrite
development (Figure 4). Thus, deletion of p120ctn in
neural precursors does not prevent later development
of comparatively normal dendrites in neurons in which
p120ctn expression is restored.
To determine if the in vivo deficit in spine formation
was recapitulated in vitro, we analyzed cultured hippo-
campal neurons using EGFP after 14 days of culture
(Figure 5). Absence of p120ctn resulted in a dramatic re-
duction in spine density (Figures 5A, 5A0, 5B, and 5B0).
Quantification showed that spine density was signifi-
cantly reduced to approximately 40% of that of controls
(Figure 5I). Cotransfection of the mutant neurons at
DIV10 with a p120ctn expression plasmid restored the
spine density at DIV14 to a level similar to controls, indi-
cating that p120ctn can promote spine formation over
Figure 4. Reduced Dendritic Tree Complexity of p120ctn Mutant
CA1 Hippocampal Pyramidal Neurons In Vitro
(A) Three representative camera lucida tracings are shown of cul-
tured neurons of control p120ctn flox/flox, mutant p120ctnflox/flox;
emx1IREScre, or mutant cotransfected with p120ctn. Neurons were
transfected at DIV10 with an EGFP-encoding plasmid and analyzed
at DIV14. The dendritic trees of the control and of the mutant plus
p120ctn-cotransfected neurons are more complex than those of
the mutant neurons.
(B) Sholl analysis of the neurons depicted in (A) [control (n = 7 cells);
mutant (n = 9 cells); mutant plus p120ctn cDNA (n = 10 cells)].
(C) Quantification of the number of terminal dendritic branch points
of the neurons depicted in (A). Dendritic branches with a lengthR 7
mm were counted (control [n = 7 cells]; mutant [n = 9 cells]; mutant
plus p120ctn cDNA [n = 9 cells]. ***p < 0.0001).a comparatively short time span (Figures 5C, 5C0, and
5I). p120ctn expression in mutant neurons at DIV10
also enhanced dendrite development. As a result, the
dendrites present at DIV14 were very similar to controls
(Figures 5A and 5C).
Analysis of the p120ctn-Regulated Signaling
Pathways that Regulate Spine Morphogenesis
The p120ctn catenin family regulates many signaling
pathways, including control of cadherin stability, Rho-
family G protein activity, and signaling through protein
kinases and phosphatases (Reynolds and Roczniak-
Ferguson, 2004; Xu et al., 2004). Different p120ctn do-
mains regulate these diverse signaling pathways. To
determine which p120ctn domains control the spine den-
sity, two p120ctn deletion mutants, p120ctnDarm3 and
p120ctnD622–628, unable to bind cadherin and regulate
Rho, respectively, were expressed in p120ctn mutant
neurons between DIV10–14. p120ctnD622–628 prevents
inhibition of Rho, but does not affect activation of Rac
(P. Anastasiadis, personal communication). Analysis of
spine density at DIV14 indicated that association of
p120ctn with cadherins is not necessary to control
spine density because p120ctnDarm3 was as effective
as wild-type (wt) p120ctn at restoring normal spine den-
sity (Figures 5C, 5C0, 5E, 5E0, and 5I). Many of these
spines formed synaptic contacts as confirmed by coloc-
alization of the spine heads with synaptophysin puncta
(Figures S2D and S2D0). In contrast, expression of
p120ctnD622–628 was completely ineffective at pro-
moting spine formation in the mutant neurons, suggest-
ing that regulation of spine density by p120ctn is through
control of Rho activity (Figures 5D, 5D0, and 5I). To obtain
further evidence that p120ctn controls spine density
through Rho-family protein regulation, we examined
the ability of a constitutively active Rac mutant,
Rac1G12V, and a specific inhibitor of Rho, C3-transfer-
ase, to regulate spine density in mutant neurons. Ex-
pression of either protein dramatically increased the
density of spines (Figures 5F, 5F0, 5G, and 5G0). Consti-
tutively active Rac1 restored the normal density of
spines, while RhoA suppression resulted in an abnor-
mally high spine density (Figure 5I).
To further distinguish whether the observed reduction
in cadherin levels in the p120ctn mutant mice contrib-
uted to the spine density deficit, we determined whether
cadherin overexpression restored spine numbers. Pre-
vious studies have shown that in cells with reduced cad-
herin as a consequence of p120ctn siRNA knockdown,
cadherin levels can be restored by cadherin overexpres-
sion (Davis et al., 2003). We overexpressed full-length
N-cadherin in p120ctn mutant neurons at DIV10 and
analyzed spine density at DIV14. N-cadherin overex-
pression did not promote spine formation and restore
spine numbers (Figures 5H, 5H0, and 5I).
While spine density was restored by Rac activation or
Rho inhibition, spine morphology appeared abnormal in
neurons lacking active Rho. This is consistent with pre-
vious observations indicating that misregulation of Rho-
family G proteins perturbs spine morphology (Govek
et al., 2005). Overall, our results suggest that modulation
of Rho-family protein activity by p120ctn is sufficient to
establish normal spine density.
Neuron
48Figure 5. Reduced Spine Densities in p120ctn Mutant CA1 Hippocampal Pyramidal Neurons In Vitro
(A–H0) Representative examples of EGFP-transfected neurons cultured from control p120ctn flox/flox or mutant p120ctnflox/flox;emx1IREScre mice that
were transfected at DIV10 and analyzed at DIV14. Lower (A–H) and higher magnification images (A0–H0) are shown. (A and A0) Control neuron (n =
17 cells; 940 protrusions). (B and B0) Mutant neuron (n = 22 cells; 930 protrusions). (C and C0) Mutant neuron cotransfected with p120ctn (n = 8
cells; 400 protrusions). (D and D0) Mutant neuron cotransfected with p120ctnD622–628 (n = 14 cells; 462 protrusions). (E and E0) Mutant neuron
cotransfected with p120ctnDarm3 (n = 8 cells; 506 protrusions). (F and F0) Mutant neuron cotransfected with constitutive-active Rac1 (n = 7 cells;
532 protrusions). (G and G0) Mutant neuron cotransfected with C3 transferase (n = 9 cells; 498 protrusions). (H and H0) Mutant neuron cotrans-
fected with N-cadherin (n = 12 cell; 306 protrusions).
(I) Spine densities from each of the experimental conditions (**p < 0.0001).
(J and K) Mean spine length and head width. Four independent experiments were analyzed.
Scale bar, 40 mm ([A]–[K]); 10 mm ([A]0–[K]0). (**p < 0.001, ***p < 0.0001).
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In Vitro
Spine morphogenesis involves many proteins in addi-
tion to the Rho-family GTPases. Different proteins and
signaling pathways have been implicated in initial steps
of spine development, in which filopodial-like protru-
sions are formed, and later steps that control spine
and synapse. In examinations of spine morphology,
quantification of spine length showed an almost 66% re-
duction in length in mutant neurons (Figure 5J). When
the mutant neurons were transfected with wild-type
p120ctn, p120ctnDarm3, N-cadherin, C3-transferase,
or Rac1G12V, spine lengths were restored to normal
(Figure 5J). Interestingly, expression of p120ctnD622–
628 did not increase spine length significantly, similar
to its failure to increase spine density.
Spine head width is a morphological feature used to
assess spine maturation. The average head width was
significantly reduced by approximately 20% in the mu-
tant neurons (Figure 5K). This maturation deficit was
completely rescued by expression of p120ctn. Interest-
ingly, it was also rescued by p120ctnD622–628, indicat-
ing that p120ctn-mediated inhibition of Rho is not re-
quired. Consistent with this, suppression of Rho with
C3-transferase did not rescue average head width.
Thus, regulation by p120ctn of spine head width cannot
be mediated solely through regulation of Rho. In con-
trast, p120ctnDarm3, a mutant not able to bind to cad-
herins, was ineffective at restoring normal head width
and its presence actually resulted in a further reduction
in average head width below that observed in mutant
neurons alone. Expression of N-cadherin or of active
Rac did partially restore head width. Our data suggest
that p120ctn must interact with cadherins and regulate
Rac activity to control spine head shape, whereas mod-
ulation of Rho activity alone appears sufficient to regu-
late spine density and length.
p120ctn Deletion In Vitro also Results in Reduced
Spine Density
To distinguish potential differences between prolonged
versus acute loss of p120ctn on spine formation, we de-
leted p120ctn from cultured p120ctnflox/flox neurons at
DIV10 through expression of Cre (Figure 6). At this time
the neurons have already elaborated dendritic and axo-
nal processes, but are just beginning to form spines. Cre
recombinase-driven loss of p120ctn at DIV10 led to
a 30% decrease in spine density, similar to what was ob-
served in the p120ctnflox/flox;emx1IREScre cultured mutant
neurons (Figure 6H). Spines were restored by expres-
sion of wild-type p120ctn, p120ctnDarm3, Rac1-G12V,
or C3-transferase, similar to what was seen in the
rescue experiments performed in the p120ctnflox/flox;
emx1IREScre cultured neurons. Similar to results using
neurons from p120ctnflox/flox;emx1IREScre mice, expres-
sion of p120ctnD622–628, which is unable to regulate
Rho activity, was not able to rescue spine density (Fig-
ures 6D, 6D0, and 6H). Thus, p120ctn must be present
during the time of spine formation for normal spine
development.
Interestingly, overexpression of p120ctn in cultured
rat hippocampal neurons also resulted in altered spine
morphology. By DIV14, control neurons have formed ex-
tensive dendritic trees from which protrude mature,stubby spines with broad heads (Figures 7A and 7A0).
The average length of these spines was approximately
2 mm with virtually no spines having a length over 4 mm
(Figure 7A0 0). In contrast, after p120ctn overexpression
at DIV10, the spines assumed long filopodia-like mor-
phologies with an average length substantially higher
than 4 mm (Figures 7B, 7B0, and 7B0 0). In these neurons,
spine lengths were highly variable, ranging from 2 to
10 mm. In contrast to controls, these spines did not
have mature broad heads. This effect was prevented
by coexpression of constitutively active RhoA (Figures
7C–7C0 0). Constitutively active Rho reduced spine den-
sity to approximately the same extent as observed in
floxed murine p120ctn mutant neurons (Figures 7D–
7D0 0). Rho suppression by C3-transferase increased
spine length and suppressed spine maturation, but not
as dramatically as observed following p120ctn overex-
pression (Figures 7E–7E0 0). The Rho phenotypes are sim-
ilar to those in previous reports by others (Tashiro et al.,
2000). The results indicate that p120ctn acts to control
spine growth and maturation through Rho, but its effects
are not completely explained by this pathway.
p120ctn Deletion in Mature Neurons In Vitro Reduces
Mature Spine Density
Recent studies have shown that loss of aN-catenin re-
sults in spine instability (Abe et al., 2004). Our culture re-
sults suggest that p120ctn contributes to spine matura-
tion or stabilization in part through interaction with the
cadherin complex. To determine if p120ctn is required
for spine stabilization following formation, cultured
p120ctnflox/flox hippocampal neurons were transfected
with cre to delete p120ctn after 14 days of normal de-
velopment, by which time mature spines are estab-
lished. Loss of p120ctn led to the appearance of spines
with features suggestive of increased morphological
plasticity, such as an increase in protrusion length
and the presence of spines with filopodia emerging
from the spine head (Figures S3B and S3B0; see also
Table S1 in the Supplemental Data). We also detected
a decrease in the density of mature spines and an in-
crease in the density of filopodial-like protrusions (Ta-
ble S1). These results suggest that p120ctn is required
to maintain or constrain spines in mature neurons and
that loss of p120ctn may result in an increase in spine
plasticity.
Reduced Synapse Density inMutant Neurons In Vitro
To determine whether p120ctn regulates synaptic den-
sity in vitro, we quantified the number of potential syn-
apses in control and p120ctn mutant neurons by stain-
ing with antibodies specific for synaptic proteins
(PSD95, postsynaptic; synaptophysin, presynaptic; N-
cadherin, presynaptic and postsynaptic). Analysis of
PSD95 puncta along dendritic processes from single
neurons was made possible by expression of GFP within
a small proportion of the neurons. Punctate staining was
detected along the GFP-labeled dendrites, with clusters
associated with GFP-labeled spine heads (Figures 8F
and 8G). In the neurons lacking p120ctn, PSD95 staining
was still punctate, but the density of puncta was dramat-
ically reduced to 35% of that observed in control neu-
rons (Figures 8H–8J). A similar difference was observed
between control and mutant neurons transfected with
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Cre-Mediated Knockdown of p120ctn In Vitro
(A–G) Representative examples of EGFP-
transfected hippocampal neurons cultured
from p120ctn flox/flox mice transfected at
DIV10 with indicated vectors and analyzed
at DIV14. Low- (A–G) and high-magnification
(A0–G0) images are shown. (A and A0) Control
neuron (n = 9 cells). (B and B0) Neuron co-
transfected with Cre (n = 9 cells). (C and C0)
Neuron cotransfected with Cre and p120ctn
(n = 7 cells). (D and D0) Neuron cotransfected
with Cre and p120ctnD622–628 (n = 5 cells).
(E and E0) Neuron cotransfected with Cre
and p120ctnDarm3 (n = 7 cells). (F and F0)
Neuron cotransfected with Cre and rac1-
V12 (RacCA) (n = 6 cells). (G and G0) Neuron
cotransfected with Cre and C3 transferase
(n = 7 cells).
(H) Mean spine density per 10 mm dendritic
length (*p < 0.001; **p < 0.0001). Three inde-
pendent experiments were analyzed.
Scale bar, 40 mm ([A]–[G]); 10 mm ([A0]–[G0]).a PSD95-GFP reporter with the density of PSD95-GFP
puncta in mutant dendrites approximately 40% of nor-
mal (not shown).
We also quantified the densities of synaptic vesicle
clusters in contact with GFP-labeled dendrites using
anti-synaptophysin (Figures 8A–8D). Synaptophysin
was distributed in a punctate pattern along the GFP-
labeled dendrites in both control (p120ctnflox/flox) and
mutant (p120ctnflox/flox;emx1IREScre) neurons, located
adjacent to dendritic spine heads and less frequently
along dendritic shafts. The density of synaptophysinpuncta apposed to dendrites of mutant neurons was
reduced by approximately 65% (Figure 8E).
Finally, we examined the pattern of cadherin expres-
sion in the mutant neurons by staining the cultures
with anti-N-cadherin. It had been previously reported
that p120ctn colocalizes with a subset of N-cadherin-
positive synaptic puncta in cultured hippocampal neu-
rons (Chauvet et al., 2003). N-cadherin protein was local-
ized to spine heads and dendritic shafts in both control
and mutant neurons with a 32% reduction in puncta
density in mutant neurons (Figures 8K–8O).
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(A–J) Examples of DIV10 EGFP-transfected neurons analyzed at DIV14. Low- (A–E) and high- (A0–B0) magnification images are shown. (A and A0)
Control neuron (n = 11 cells). (B and B0) Neuron cotransfected with p120ctn (n = 11 cells). (C and C0) Neuron cotransfected with p120ctn and
RhoA-V14 (CA-Rho) (n = 9 cells). (D and D0) Neuron cotransfected with RhoA-V14 (CA-Rho) (n = 6 cells). (E and E0) Neuron cotransfected with
C3 transferase (n = 7 cells). (A0 0–E0 0) Spine length distribution for each condition.
Scale bar, 40 mm ([A]–[E]); 10 mm ([A0]–[E0]).Discussion
Our results indicate that the cadherin-associated pro-
tein, p120ctn, is required for normal spine and synapse
development by hippocampal pyramidal neurons
in vivo. The absence of p120ctn dramatically reduces
the density of spines and synapses formed on their den-
drites. Our results also demonstrate that p120ctn con-
trols levels of active Rac and Rho as well as levels of
N-cadherin. In its absence there are significant reduc-
tions in N-cadherin and active Rac1, together with an in-
crease in active RhoA. To understand the mechanisms
through which p120ctn regulates dendrite development,
we have examined the development of hippocampal
neurons lacking p120ctn in cell culture. Results indicatethat absence of p20ctn diminishes spine density primar-
ily through misregulation of Rho. p120ctn appears to act
independently of its role in regulation of cadherin func-
tion. In addition, our results suggest that p120ctn func-
tions in a cadherin-mediated pathway to promote spine
maturation. p120ctn may promote spine maturation
through control of cadherin-mediated adhesion. In addi-
tion, it may also regulate spine maturation through a sig-
nalling pathway initiated by cadherin ligation, such as
Rac activation.
Our results are generally consistent with two recently
published papers describing consequences of p120ctn
ablation in the skin and submaxillary gland (Davis and
Reynolds, 2006; Perez-Moreno et al., 2006). In each
tissue, loss of p120ctn resulted in reduced surface
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(A–D) Examples of hippocampal neurons cultured from ([A] and [B]) control p120ctnflox/flox or ([C] and [D]) mutant p120ctnflox/flox;emx1IREScre mice
transfected at DIV10 with EGFP and analyzed at DIV14 after labeling with anti-synaptophysin.
(E) Mean density of synaptophysin puncta (control, n = 6 cells; mutant, n = 7 cells) (***p < 0.0001). Examples of control ([F] and [G]) or mutant ([H]
and [I]) neurons transfected at DIV10 with EGFP and analyzed at DIV14 after labeling with anti-PSD95.
(J) Mean density of PSD95 clusters (control and mutant, n = 8 cells) (***p < 0.0001). Examples of neurons cultured from control ([K] and [L]) or
mutant ([M] and [N]) neurons transfected at DIV10 with EGFP and analyzed at DIV14 after labeling with anti-N-cadherin.
(O) Mean density per 10 mm length of N-cadherin puncta (control and mutant, n = 4 cells) (*p < 0.05). Approximately equal numbers of neurons
from each of three independent experiments were used in these analyses. Scale bars, 40 mm for (A), (C), (F), (H), (K), and (M); 10 mm for (B), (D), (G),
(I), (L), and (N).expression of cadherins. Analyses of Rho activity indi-
cated that there was elevated active Rho in mutant
keratinocytes in vivo and in vitro (Perez-Moreno et al.,
2006).
In our experiments, the absence of p120ctn resulted in
global perturbations of Rac1 and RhoA activity in the
forebrain with an elevation in active RhoA and reduction
in active Rac1, consistent with prior studies on cultured
cells where p120ctn overexpression was shown to stim-
ulate Rac and inhibit Rho (Anastasiadis et al., 2000;
Grosheva et al., 2001; Noren et al., 2000). Prior work
has implicated Rac and Rho in dendrite growth and
spine morphogenesis. In cultured hippocampal neu-
rons, Rac1 inhibition results in loss of dendritic spines
and synapses (Nakayama et al., 2000; Tashiro et al.,
2000). Active RhoA leads to reduced spine density and
length, and simplification of the dendritic tree (Na-
kayama et al., 2000; Tashiro et al., 2000; Tashiro and
Yuste, 2004). Thus, our observations suggest that
p120ctn deficiency reduces dendrite growth and spine
density through regulation of these two Rho-family G
proteins throughout the neuron and not solely at
cadherin-dependent adhesion sites. In addition, spinedensity was restored in p120ctn-deficient neurons by
activation of Rac or suppression of Rho. In attempted
rescues of p120ctn deficiency, spine density was re-
stored by a p120ctn mutant unable to interact with cad-
herins, but not by a mutant unable to inhibit Rho activity.
This mutant promotes Rac activation, suggesting that
misregulation of Rho alone is sufficient to cause the def-
icit in spine formation in p120ctn-deficient neurons.
These experiments indicate that p120ctn deficiency in-
hibits spine formation through global activation of Rho.
As Rac, Rho, and p120ctn mutants were overexpressed,
our observations do not exclude the possibility that,
when present at normal levels, p120ctn promotion of
spine formation is facilitated through its interactions
with cadherins.
Consistent with previous studies demonstrating roles
for Rac and Rho in regulating dendrite development (Na-
kayama et al., 2000; Sin et al., 2002), we found that ab-
sence of p120ctn inhibits dendritic tree development
by embryonic neurons in vitro. Except for the prominent
deficit in spine formation, however, absence of p120ctn
did not alter overall dendritic morphology of the same
neurons at 6 weeks in vivo. There may be a transient
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compensated before 6 weeks. Alternatively, many
known regulators of dendritic growth could potentially
compensate for absence of p120ctn in vivo. Intrinsic sig-
nals include other members of the p120ctn family, such
as d-catenin. A d-catenin mutant has recently been char-
acterized and also does not exhibit obvious deficits in
brain structure or dendrite morphology in adult mice
in vivo (Israely et al., 2004). In contrast to mice lacking
p120ctn, however, mice lacking d-catenin have appar-
ently normal numbers of spines on CA1 neurons. Since
d-catenin also regulates Rac and Rho in vitro, it is some-
what surprising that this mutant does have an obvious
deficit in spine formation.
A recent study also has indicated a role in spine-like
protrusion formation by Drosophila sensory neurons
for the single Drosophila p120ctn/d-catenin homolog
(Li et al., 2005). Although these processes do not make
synaptic connections, they are actin-rich and morpho-
logically similar to immature mammalian neuron spines.
Interactions with Rac, Rho, and cadherin-mediated sig-
naling in regulation of spine-like protrusion formation
were not explored in this paper.
Our data also suggest that p120ctn deficiency affects
spine maturation through a cadherin signaling pathway
that promotes spine head expansion. In experiments us-
ing p120ctn-deficient neurons, a p120ctn deletion mu-
tant able to associate with cadherins, but not regulate
Rho, restored spine head width, while a mutant unable
to associate with cadherins was ineffective even though
it regulates Rho function normally (Anastasiadis et al.,
2000). Consistent with this, N-cadherin overexpression
partially rescued spine head width, although it did not
suppress the deficiency in spine density. The cad-
herin-catenin complex has been previously shown to
regulate the formation, shape, and dynamics of spines
and synapses. Inhibition of cadherin function through
direct cadherin inhibition or deletion of aN-catenin in-
creases spine length and decreases spine head width
in hippocampal neurons; aN-catenin deletion also de-
stabilizes spines and their synaptic contacts (Abe
et al., 2004; Togashi et al., 2002). Cadherin inhibition
also inhibits formation of PSD95 clusters. In contrast,
deletion of b-catenin or aN-catenin does not disrupt
PSD95 clustering (Bamji et al., 2003; Togashi et al.,
2002).
p120ctn may influence spine and synapse morpho-
genesis, in part, through its promotion of cadherin sta-
bility. Consistent with observations in other cells (Davis
et al., 2003; Xiao et al., 2003), our data demonstrate that
p120ctn loss results in reduced cadherin levels, proba-
bly because of the accelerated endocytosis and degra-
dation of cadherins observed in these other cells. Lower
cadherin levels may reduce adhesive interactions at
synapses that influence spine head size and synapse
formation (Murase et al., 2002).
In addition, p120ctn enhances cadherin function
through stabilization of cadherin interactions with the
cytoskeleton (Xu et al., 2004). In neuroepithelial cells,
p120ctn promotes cadherin-dependent cell adhesion
and neurite outgrowth by recruitment of the tyrosine ki-
nase Fer. Fer- and p120ctn-dependent recruitment of
the protein tyrosine phosphatase PTP1B enhances the
interaction of cadherins with b-catenin through dephos-phorylation of a phosphotyrosine residue on b-catenin.
In hippocampal neurons, activity-dependent dephos-
phorylation of this phosphotyrosine residue increases
the affinity of b-catenin for cadherins and promotes re-
cruitment of b-catenin to spines, increasing synapse
size and spontaneous synaptic transmission (Murase
et al., 2002). The pathway through which p120ctn con-
trols PTP1B activity may also control cadherin function
in neurons. This can be explored with cadherin-a-cate-
nin fusions that bypass the requirement for b-catenin
to link cadherins to the cytoskeleton (Pacquelet and
Rorth, 2005).
Studies have also shown that cadherins are distrib-
uted diffusely throughout the plasma membrane of den-
dritic filopodia, but become concentrated at axon con-
tacts (Togashi et al., 2002). This clustering may
depend upon interactions with the cytoskeleton and
be promoted by p120ctn. Work has shown that associ-
ation of p120ctn with the cadherin juxtamembrane do-
main recruits Rac1 to cadherin contacts, leading to ad-
hesion strengthening through cadherin clustering and
adhesion contact zone extension (Gavard et al., 2004;
Yap et al., 1998).
Finally, p120ctn interacts with kinesins and microtu-
bules and facilitates directed cadherin transport to ad-
hesion sites (Chen et al., 2003; Franz and Ridley, 2004;
Yanagisawa et al., 2004). In neuroepithelia, the kinesin
KIF3 is crucial for N-cadherin transport and organization
of adhesive contacts (Teng et al., 2005). The role of kine-
sins in cadherin transport in neurons has not been ex-
plored.
p120ctn may also influence spine maturation as an ef-
fector of cadherin-initiated signaling. First, cadherin li-
gation has been shown to promote Rac recruitment of
Rac to adhesion sites through p120ctn-dependent
mechanisms (Yap et al., 1998). Active Rac is required
to establish normal head width (Tashiro and Yuste,
2004), so cadherin-coupled p120ctn may promote spine
head enlargement through Rac-dependent regulation of
the Arp2/3 complex. d-catenin, a p120ctn homolog, re-
cruits cortactin, an F-actin cross-linking protein that
also promotes F-actin polymerization through activation
of the Arp2/3 complex (Martinez et al., 2003). Recently,
p120ctn has also been shown to interact with cortactin
(A. Bershadsky and B. Geiger, personal communica-
tion). Cortactin promotes spine formation and exhibits
rapid redistribution between the dendritic shaft and
spine in response to stimuli that control spine formation
and shape (Gray et al., 2005; Hering and Sheng, 2003).
Cortactin also controls maturation of spines through in-
teractions with the postsynaptic density protein Shank
(Hering and Sheng, 2003). Shank forms a complex with
the scaffold Git1, the protein kinase PAK, and the GEF
b-Pix, each of which promote spine maturation (Park
et al., 2003; Zhang et al., 2005). Consequently, p120ctn
may control initiation and maturation of spines in part
through interactions with cortactin.
It will be interesting to determine whether signaling
pathways that impact spine formation and morphology,
such as electrical activity and glutamate and Eph recep-
tor activation, act through regulation of p120ctn func-
tion. Both extracellular and intracellular proteins modu-
late p120ctn’s phosphorylation state (Cozzolino et al.,
2003; Esser et al., 1998; Shibamoto et al., 1995; Xia
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p120ctn is phosphorylated on tyrosine and serine/thre-
onine residues, whereas unbound p120ctn has a lower
level of tyrosine phosphorylation (Reynolds and Rocz-
niak-Ferguson, 2004). Phosphorylation may determine
whether p120ctn has adhesion promoting versus adhe-
sion inhibiting effects (Aono et al., 1999; Kinch et al.,
1995; Ozawa and Ohkubo, 2001). Tyrosine phosphoryla-
tion of p120ctn correlates with increased cadherin bind-
ing affinity and serine/threonine phosphorylation corre-
lates with negative regulation of cadherin adhesion.
Membrane localization also clearly correlates with the
ability of p120ctn to inhibit Rho activity (Grosheva
et al., 2001). Unfortunately, with few exceptions (Ozawa
and Ohkubo, 2001), these studies are mostly correlative.
Finally, it will be interesting to characterize the roles of
p120ctn family members in synaptic plasticity. The CA1
synapses from a mouse lacking d-catenin exhibited sev-
eral abnormal properties, including deficits in short- and
long-term plasticity (paired-pulse facilitation and long-
term potentiation) (Israely et al., 2004). p120ctn is asso-
ciated with NMDA receptors (Husi et al., 2000), so it is
strategically placed to influence synapse function. As
potential targets, EphR expression and localization are
regulated by cadherins (Orsulic and Kemler, 2000; Zan-
tek et al., 1999). Several studies have noted synaptic
plasticity deficits in ephrin and EphR receptor mutants
(Klein, 2004).
In conclusion, work presented here demonstrates an
important role for the cadherin-associated protein
p120ctn in promoting dendritic spine development.
Our work indicates that p120ctn promotes spine devel-
opment through multiple signaling pathways, including
regulation of Rho-family GTPases. It will be important
to characterize these signaling pathways in more detail
and to examine their roles in brain function.
Experimental Procedures
Generation and Genotyping of the Floxed Allele of p120ctn
This allele was generated by standard techniques. Details are de-
scribed in Supplemental Experimental Procedures.
Western Blotting, Immunocytochemistry, and Nissl Staining
Standard methods for blots, immunocytochemistry, and Nissl stain-
ing are described in detail in the Supplemental Experimental Proce-
dures. Blots were probed with anti-p120ctn (Transduction labs), N-
cadherin (Zymed), a-catenin (Zymed), or b-catenin (Zymed) mAbs.
Anti-b-tubulin mAb (Sigma) was used for normalization. For immu-
nofluoresence, sections were incubated with rabbit anti-synapto-
physin (Zymed), mouse anti-PSD95 (D. Bredt), or rabbit anti-N-cad-
herin (D. Coleman).
Golgi Staining
Six-week-old male littermate brains were processed in parallel (n =
3) and stained using modified Golgi-Cox impregnation of neurons
following the manufacturer’s protocol (FD NeuroTechnologies). For
spine density quantification the number of spines were counted
along equivalent length dendritic segments proximal to the cell
body for pyramidal neurons from the CA1 region of the hippocampi
of p120ctnflox/flox and p120ctnflox/flox;emx1IREScre mice.
Electron Microscopy
Mice were perfused with 0.9% NaCl, followed by 2.5% glutaralde-
hyde and 1% paraformaldehyde in 0.1 sodium cacodylate buffer
(pH 7.4). Following overnight fixation, 100 mm vibratome sections
were cut, dehydrated, and embedded in Epon-Araldite. Semithin
sections were stained with toluidine blue to identify the CA1 regionof the hippocampus. After trimming, ultrathin sections were cut,
stained with uranyl acetate and lead citrate, and photographed at
the San Francisco VA Hospital EM facility. Quantification was carried
out as described (Bamji et al., 2003).
Quantification of Fluorescent Puncta in Brain Sections
Anti-synaptophysin, anti-PSD95, or anti-N-cadherin puncta were
examined with a Zeiss confocal microscope (1003, Zeiss Plan-Neo-
fluor). The CA1 stratum radiatum layer was imaged for p120ctnflox/flox
and p120ctnflox/flox;emx1IREScre mice (n = 3 pairs). All images were
taken by Kalman averaging (43) with the same laser settings. Binary
images were obtained by using the background threshold of the
p120ctnflox/flox sections for the corresponding sections from
p120ctnflox/flox;emx1IREScre littermates. For particle analysis, the
threshold was set at 5 pixels, the estimated minimal size of the la-
beled puncta, and particle numbers in areas of equivalent size
(3172 mm2) were measured using NIH Image 1.62.
Hippocampal Cultures and Transfection
Hippocampal cultures were prepared as described (Bamji et al.,
2003) and are detailed in the Supplemental Data. Neurons from indi-
vidual hippocampi were cultured separately with retrospective gen-
otyping. Comparisons were made using cultures from a single litter.
Four independent litters were analyzed. Spines were defined as
headed dendritic protrusions up to 2 mm and filopodia as headless
protrusions > 2 mm.
RhoA and Rac1 Activity Assays
The RhoA and Rac1 assays were performed as described (Noren
et al., 2000; Ren et al., 1999). Additional details are provided in the
Supplemental Data.
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/51/1/43/DC1/.
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